Large spacecraft represent a large investment of time and money, and are often risky ventures. The ability to visually inspect craft provides operators and engineers valuable information about on-orbit failures or salvagability. To minimize the risk of damage to the large craft, initial inspection maneuvers should be designed to maintain a safe observation distance. This paper discusses the design of such an inspection maneuver using range measurements that are directly applicable to stereo vision and are supplemented with gyroscope data to determine distance and rates in a relative frame. Using the SPHERES satellite testbed, the ultrasonic measurement system is used in place of vision hardware to test the vision-navigation algorithm in a microgravity environment. The paper discusses the error characteristics of the system and develops the control framework for the inspection maneuver. The implementation of the algorithm in simulation is compared with test results from the SPHERES satellites onboard the International Space Station.
I. Introduction
PACECRAFT design, launch, and operation are expensive and often risky undertakings. A space-based observatory such as the Hubble Space Telescope has a lifetime cost estimated at $11 billion, with its successor, the James Webb Telescope expected to cost more 1, 2 . In the latter case, a Lagrange point orbit puts it far out of the reach of current manned spacecraft and therefore would need to be serviced robotically if a problem were to arise. The ability to observe and repair a damaged spacecraft via a small inspector presents a risk mitigation strategy for future missions. Commercial ventures may also be more cost effective in the case of servicing and attendant volume savings 3 , while in-situ spacecraft salvage is currently an open research field 4 . In each case, solving the problem requires the ability to inspect a spacecraft of unknown condition from a distance that is far enough away to preclude a collision risk, but close enough to provide accurate resolution. Before that can be realized, the inspection problem should first be solved in the relative safety of low earth orbit.
The orbital environment of an inspection mission is conducive to the use of relative measurements, as groundbased or GPS-style measurements tend to have significant errors, or are inapplicable to the inspection problem for uncooperative objects. GPS measurements at GEO or similar altitudes suffer from position errors on the order of meters to tens of meters 5 , which is compounded by solar fluctuations and their attendant ionospheric disturbances 6 . Such errors are unacceptable for close inspections, especially when collision avoidance is a priority. Additional
II. Explanation of Testbed
The SPHERES satellite testbed was initially developed as part of a capstone design course in the MIT Space Systems Laboratory. Since its launch in 2006 the system has been hosted aboard the ISS and as of January 2012 has conducted 30 test sessions in such varied areas as formation flight, rendezvous and docking, online planning, and STEM education and outreach. In the 7 years of testing, SPHERES has provided valuable experimental data in a persistent microgravity environment.
The system itself consists of ground and space segments, each able to operate independently of one another. Algorithms are first developed and validated in a high-fidelity simulation with a MATLAB® interface. After 2-D testing with the SPHERES hardware on ground, the code is packaged and sent for testing on the ISS. On ground and on station, up to three satellites may typically be used, each with internal gyroscopes and accelerometers, as well as an external ultrasonic time-of-flight measurement system. Each satellite has 12 cold gas thrusters, enabling full 6-DOF motion. As necessary, batteries and CO 2 tanks are changed by the operator. At a 5Hz frequency the satellite receives updates from the ultrasonic beacons, allowing it to determine its location in the test volume. At a frequency of 1Hz, the SPHERE may perform control actions for up to approximately 200ms. Throughout a test program, state data is sent from each of the satellites participating in a test over a wireless link back to a station laptop for post-test analysis.
In 2010, DARPA began the InSPIRE program to upgrade the satellites to enable, among other things, visionbased navigation. As part of this program, MIT and industry partner Aurora Flight Sciences is developing the Visual Estimation and Relative Tracking for Inspection of Generic Objects (VERTIGO) payload. Attaching to an expansion port built onto SPHERES, the VERTIGO "Goggles" consists of an avionics and processing upgrade, a set of stereo cameras, a high-bandwidth communication system and supporting elements. Due to launch vehicle and programmatic constraints, the Goggles will not be operational until the fall of 2012. The experiments described in this paper use the SPHERES ultrasonic global metrology system to simulate range measurements that would be obtained from the stereo cameras.
III. Test Framework
The mission profile for VERTIGO calls for three phases. The first phase includes an initial inspection of an unknown object which gathers information about that object from a "safe" distance with an expectation of nearglobal coverage of the target object. The second phase is a pause to allow the Goggles to process the inspection data to build a 3D map of the target using techniques such as bundle adjustment 18 or simultaneous localization and mapping 19 . The third and final phase consists of relative navigation using the 3D map to perform a closer inspection or to use the object as a stepping-stone or reference point to inspections further afield. This paper addresses the first phase.
The phase begins with the target object in view of the cameras of the inspector satellite (it is assumed that the lost in space problem has been solved on the SPHERES platform and is beyond the scope of the VERTIGO project). With the target in view, the inspector may make an estimation of the center of the object using thresholding and centroiding algorithms 20 . For now, we begin with an assumption that the target object is stationary; that is, it is not translating, though it may be rotating. The inspector, however, is rotating and translating as it expects to circumnavigate the target to build up a feature map of the object. The path taken by the inspector around the target object lies on a sphere with the target object at the center, and is ideally circular, as shown in Figure 1 . The figure shows the constant radius that should be maintained by the inspector, which also maintains a constant distance from the target.
Figure 1. Inspection Path
The block diagram formulation in Figure 2 describes the inspection estimation and control approach. In addition to the inspector rotation rate data coming from the gyroscope on the SPHERES satellite, the VERTIGO Goggles gathers images of the target object. From the images, the cameras can calculate X-, Y-, and Z-positions and rates of the target relative to the inspector. Because that hardware is not yet available on the ISS, the SPHERES ultrasound system is used to mimic the camera outputs. The use of a simple PD control law allows the algorithm to be used on nearly any system, regardless of computing capability.
Figure 2. System Block Diagram

A. Estimation
To ensure that the substitution of the ultrasound system for the cameras does not significantly change the performance characteristics of the system, we must first compare the error of each system.
Since the cameras will be calibrated during station operations, an error analysis can begin with the assumption that the cameras behave according to a pinhole camera model. As the pairs of cameras and lenses are identical, we will also assume that the focal length, , of each cameras is identical. Calibrating the cameras undistorts and rectifies images, so that we may also assume that the focal planes of the left and right cameras are coplanar in X-Y, meaning that the focal planes are also collinear in X-Z. The distance between the centers of the cameras is defined by the baseline, . The view of the X-Z plane of that setup is shown in Figure 3 . In the figure above the true position of the center of the target object lies at the point defined by ! , ! (note that the ! coordinate will be addressed below. The point ! , ! is where the VERTIGO Goggles believe the target to be when the error shifts the projected image on the camera in the x-axis by the distance Δ ! . We assume this noise to be Gaussian such that,
Though an error of 1 pixel is conservative (previous experiments put the error at about 0.2 pixels 21 , it should provide a good upper bound on measurement error. Using the model and identifying similar triangles yields four relations:
From these relations, we can solve for ! , ! , ! , and ! . Combining Eq. (2) and Eq. (4) and solving for ! , we get:
Placing Eq. (5) back into Eq. (2), we find that
Returning to equations Eq. (1) and Eq. (3), we can solve each for ! , set them equal, and algebraically find ! . A second substitution solves for ! :
Using these three values, we can find the error between ! , ! and ! , ! . American Institute of Aeronautics and Astronautics
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A similar approach can be used to approximate the position estimation error that results from the error in the yaxis. Errors in the right camera are described by Δ ! , as we again assume the left camera to perfectly capture the target location. Figure 4 shows the geometric relations resulting from the pixel error. In the figure, the CCDs are assumed to be identically oriented facing into the page.
Figure 4. Pinhole camera model, X-Y plane
Once again, there are four relations to account for:
Combining Eq. (11) and Eq. (13) yields
Substituting once more yields
Equations Eq. (12) and Eq. (14) will yield ! and ! : 
The errors between ! , ! and ! , ! are therefore:
The placement of the cameras on the SPHERES satellite is such that during the experimental inspection maneuver, the target object will have a "true" relative location that is approximately:
Additional camera parameters include:
Using these parameters, we estimate from Eq. (2), Eq. (4), Eq. (11), and Eq. (13) 
While Eq. (19) and Eq. (20) give the error expected from a 1-pixel error in the y-direction: This leaves us with two values for the standard deviation of the x error. Because the probability of errors in the x-and y-directions can be treated as independent random variables, the total variance of is the sum of the variances due to each pixel error:
This works out to a !!!"#$% ! of 0.87 mm. The SPHERES specification states a position accuracy of about 1 cm with a variability of 2 mm 21 . Operationally, SPHERES researchers use an accuracy of 2 cm as a conservative estimate of the system capability. Based on these results, the expected accuracy of the camera system is significantly greater than that of the ultrasonic metrology system, and we may proceed with confidence that the use of metrology data is an accurate representation of a lower bound of the repeatability that is expected with a vision system.
B. Control
The control approach will consist of a constant speed rotation by the inspector and translations in the inspector's body x-, y-, and z-directions to regulate and maintain a constant range and bearing to the target. To do so, we begin by defining two reference frames A and B. A is inertially fixed and centered at the inspector satellite. The second frame is also body-fixed and body-centered with respect to the Inspector satellite. These two frames are instantaneously aligned with the body frame of the inspector at each time step. The inspector rotates with angular velocity , as does B. The behavior is shown in Figure 5 .
Figure 5. Relative reference frames
The center of the target object relative to the center of the inspector may be represented by a Cartesian vector . Because of the instantaneous alignment of A and B,
Using the rules for differentiation for rotating coordinate frames, we find the relative velocity,
Assuming a constant rotation rate, further differentiation gives the acceleration in the rotating frame:
Which are the familiar fictitious accelerations in a rotating frame due to angular acceleration, coriolis, and centrifugal acceleration, respectively. To then derive the dynamics of the inspector, we start with Newton's laws and apply them to the target:
Since forces must be applied to the inspector and not the target, we modify the equation to get
This allows us to move from the global frame A to the body-fixed frame B.
Finally, using Euler's equations, we can convert to a quantity that can be derived from measurements from the SPHERES onboard gyroscopes:
Substitution into the inspector dynamics equation yields:
Since the objective of the inspection phase is to maintain a constant "safe" distance from the target object and to circumnavigate it, we define the following states and control inputs for the system:
Splitting the equations for into component states, we get
and ! are trivial. The remaining terms are:
Because of the limited thrust afforded to a maneuvering SPHERES satellite, rapid circular motions can be difficult. With that in mind, the most stressing inspector maneuver combines fast rotation with close proximity. To test this situation, the desired states are:
Stereo centroid measurements would be available from the vision system, and as such will be simulated using the SPHERES global metrology system by subtracting the two absolute positions and rotating into the inspector body frame to obtain a relative range and bearing. When supplemented with data from the SPHERES gyroscopes, this gives measurements
We now have a propagation model = ( ) + ) and the linear measurement model = .
SPHERES Application:
As was previously mentioned, we do not yet have the ability to use the VERTIGO Goggles stereo cameras on orbit. Instead, the global metrology system was used to simulate stereo vision measurements. It uses a time-of-flight ultrasonic ranging system system 23, 24 . Using measurements from a set of five ultrasonic beacons placed around the ISS test volume, the satellites are able to determine their position. Background telemetry over a wireless link allows each SPHERE to find the location of others in the test area. Differentiating (via an Extended Kalman Filter) provides velocity measurements, while the time of flight difference between faces of the SPHERE provides pointing information. To translate from the global to relative frame, there are a few steps.
The first step is to convert the global position measurements into the body frame. The process is illustrated in Figure 6 , which shows the inspector, target, and the Inspector's body frame.
Figure 6. Inertial & relative frames
The vector difference allows us to find the length and direction of ! in the inertial ISS frame.
The origin of the coordinate frame, though not important to the relative state, is located at a point in the center of the test volume framed by the SPHERES ultrasonic beacons. Using the quaternion calculated by the ultrasonic metrology system, a rotation matrix from the ISS (global) frame to the body, !"# places ! in the correct relative frame.
Since B is a rotating frame, the rate measurement is not as straightforward, and again requires gyroscope measurements to measure the rotation rate. Using the rules for differentiation in a coordinate frame,
These measurements are then differenced with the desired states to determine the state error. A standard linear PD controller was then used to calculate thruster inputs for the position error, and a nonlinear PD controller was used to control only for the rotation rate. While more optimal controllers are available, the use of PD controllers allows the implementation of the algorithm on a wider range of platforms. An additional feedforward term was used to maintain the circular motion. This thrust, applied in the +X direction (nominally toward the target), provided the centripetal force to create a circular path:
Forces and torques were then mixed by the propulsion system, which schedules thruster opening times for a period of up to 200ms every during each 1-second control period.
Once the VERTIGO Goggles are launched to the station, the output from the cameras will be processed using the Goggles single-board computer. This computer will process the images and will output the range, ! , and range-rate, ! , using previously developed thresholding and centroiding algorithms 20 and eliminating the need for the transformations described in Eqs. (35) -(39).
IV. Results
Two tests were performed to evaluate the capability and robustness of the maneuver. The two tests addressed three main questions: 1) Does the Inspector follow a stable and closed path? 2) Is the path planar or does gyro drift error perturb the path? 3) How much error is introduced with a translating object? At the heart of the first two questions are the noise characteristics of the SPHERES onboard gyroscopes. The stated specifications for give a resolution of 0.0407 deg/s, with a noise ceiling of 0.05 deg/s/Hz ½ , which works to a 1-sigma error up to 0.35 deg/s at 50 Hz 22 . This experiment should demonstrate whether those noise characteristics will allow for the implementation of the inspection algorithm the program plans to use. In the case that the algorithm cannot handle the gyroscope noise, the inspector SPHERE is expected to move away from a planar inspection path which would be problematic for both coverage of the target object as well as for loop closure.
This section addresses the performance of the algorithm with respect to a pair of inspection scenarios. The evaluation is done in comparison to the dynamics simulation used to develop the code. The simulation hews closely to the desired circular path to be taken by the satellite.
A. Circumnavigation about non-translating target
The first test was designed to answer the first two of these questions and serve as a proof of concept. The test consisted of four distinct parts. Maneuver I consisted of estimator initialization, and lasted about 10 seconds. 30 seconds were dedicated to maneuver II, initial positioning, where the two satellites moved from where they were deployed by the astronaut to a starting position approximately 36 cm from one another. Maneuver III was a brief, 5-second tumble of the target SPHERE (TGT). Finally, maneuver IV was the inspection itself, where the Inspector SPHERE (INSP) circled the TGT at a distance of 36 cm. Each of these maneuvers is separated by a 1-2s software transition period. For analysis purposes, the significant maneuver is the last one.
The test was designed to mimic the pointing requirements for the VERTIGO system. To that end, errors were defined relative to the expansion port through which the vision system will attach. The errors discussed in this section follow the outline in Figure 7 .
Figure 7. Inspector body frame error
Over the course of that maneuver, the RMS value of each error in the relative body frame stood at: Figure 8 shows the actual relative position of the target satellite overlaid onto the desired relative positions (dashed lines). Note that the negative value in the X relative frame is an artifact of the analysis tools used. When factoring in that the SPHERES estimator is historically accurate to about 2 cm, the inspector appears to follow its path well. Particularly in the X direction (range), the motion is close to what is desired. This is particularly important for an inspection mission: maintaining a safe distance is more critical from a systems perspective than maintaining perfect pointing, particularly with a wide-angle vision system.
Figure 8. Stationary target, relative position error
During algorithm development, an in-house simulation tool was used to analyze the planned code. Figure 9 shows how closely the two paths match. Even though the simulation was run with no simulated noise, once maneuver IV begins (just shy of 50 seconds), the two match within a few centimeters of one another (Figure 8 ). Over the course of the entire test, the behavior was very close to what was predicted in simulation, as shown in Figure 10 , and broken out into component elements in Figure 11 . The tracking of the predicted path over the entire test is slightly worse than that of just maneuver 4, but most of this is due to the satellites initial positioning in the volume not perfectly matching the coded values. Further, once the satellite is able to move (following estimator convergence), the error shrinks considerably. This is visible in the 10-20 second mark of Figure 10 and Figure 11 below. Of note is the error in Y and Z (and to a lesser degree, X as well) around the 40 second mark. This is due to the INSP beginning to rotate and point away from the TGT. Because angular misalignment in Y and Z acts like cos , while in X it behaves like sin , the former are much more affected by this rotation. Eventually though, this error is driven to almost zero as the INSP is able to adjust by accelerating its translation to compensate for what was an accelerating rotation. Based on this data, the algorithm performed well, and is considered to have passed the first two criteria. That is, the inspector did follow a close and stable path, and did so in a mostly planar fashion. The second question is very strongly answered by looking at Figure 9 . The actual inspection path remains nearly flat in the global frame, and variations in the Z direction are very nearly at the level of the estimator accuracy.
Furthermore, this suggests that the cameras chosen for VERTIGO are sufficiently wide-angle so that the target object will not drift out of view due to random noise. Based on these qualities, we conclude that this algorithm is sufficient for building a map of a target object that is not translating.
B. Navigation about translating target
In order to evaluate the robustness of the algorithm, movement of the target object was introduced into the second test. Though the inspection of translating or accelerating objects is not a requirement of the VERTIGO mission, real world objects may be subject to disturbances or unexpected actuator behavior. And given additional information about the contours of an object may require online adjustments of the inspection path. For these reasons, among others, it is desirable to make sure that the inspection maneuver is able to adjust to a moving target.
As with the first test, this test consisted of four maneuvers, the first three of which were identical. For maneuver IV, however, the path of the target object was defined in the global frame as position targets. At increments of 30 seconds from the start of the final maneuver, the target state changed. Recalling !"! as defined (inertially) in Figure  6 ,
This traces out an 'L'-shaped path that starts at the center of the test volume and moves toward the astronaut operator on the AFT-PORT corner of the Japanese Experiment Module (JEM). Since the control states for the inspector are defined in relative terms it should react accordingly by elongating its path in the direction of the target's travel. Test session results show that this did indeed happen with the performance only slightly worse compared to the non-translating inspection target. Figure 12 shows the desired performance as shown from simulation and the actual data from the station test. Figure 13 shows the error performance as a function of test time (truncated to show only maneuver IV). Of note are the error spikes near the 80 and 110 second marks, which is approximately when the target object begins its translations. By the time that each maneuver concludes, the inspector is able to return to its desired range and bearing. As in the first test, range error (X Rel) is consistently lower than bearing error, and approaches the typical error associated with the metrology system.
Figure 13. Moving target, relative position error
This error can be further broken down to account for the motion of the target object. The right plot of Figure 14 shows the maneuvers in detail (maneuver IV begins at approximately 50s). In the two maneuvers described in Eq. 19, the 0.25m motion takes approximately 20 seconds for the target object to complete. In the case of the first movement in the -Y direction around 80s, the motion of the inspector is in a perpendicular direction. This implies that the momentum of the inspector in the axis of the target's motion is nearly zero. As such, while the error has an initial jump, it is quickly damped out. At the 110s mark, the inspector is still moving in a +X direction, when the target begins moving in -X. Here, the inspector has to fight its own momentum to follow, and the error is larger, particularly in the range (body-relative +X) direction. In that direction, however, the recovery is steady. Here, a PD has some advantages over a PID controller. Since a "safe" inspection is a high priority, the PD controller will return the satellite to its desired position slower, minimizing the risk of overshoot and potential collision in the case of additional movement by the target.
Figure 14. Test 2 SPHERE Positions (L, INSP and R, TGT), ISS Frame
Using a simulation that adds random noise into the estimator, the behavior matches closely to prediction. Ultimately, this allows the development team to build confidence in ground simulations used to evaluate the control algorithms. In the relative frame, the match can be seen in Figure 15 . Figure 16 breaks the behavior into component elements. Overall, the close tracking of the SPHERE to both the desired and predicted paths shows that the algorithm performed well and that simulation accounted for most errors, aside from a slight (but very tolerable) initial positioning error. Some further study may be necessary to determine the robustness of the algorithm to movement in different directions, but the performance studied shows that the algorithm is capable of handling planar movement. The performance suggests that non-planar movement may be possible, but further tests will be required, at least in the case of target motion.
Of note is the fact that the inspector does not follow a closed path in the inertial frame. This test does, however, still meet the first success criteria for the test because the target is in the same relative location in the inspector frame once the inspector has completed the full 360 degree inspection. Figure 12 demonstrates the ability of the motion to remain in-plane. By doing so, the VERTIGO team has confidence that the gyros are sufficiently noise-free to meet requirements. As for the error induced by a translating target, with the ultrasound position data coming in at a 5Hz rate (similar to the lower end of the camera frame rate), the additional error in the range direction was minimal, while bearing error was roughly doubled.
C. Gyroscope Noise
If gyroscope noise appears, it will manifest itself in "inclination" changes to the inspection plane. This is because any error in the gyros will cause the satellite to rotate to compensate, after which the satellite will also adjust to maintain the target object in the center of its field of view. If the motion of the inspector is considered an orbit around the target, these motions would low like slight changes in orbital inclination. To best evaluate how well the gyroscopes performed, we can look how well the inspector satellite stayed in the plane defined by = 0 in the inertial frame defined by the ultrasound beacons. By measuring the maximum displacement above or below the plane during maneuver IV and using the inspection radius, we can use Eqn. 44 to estimate the maximum angle that the inspection path will be from the desired path.
Based on the maximum Z-displacement in the two station tests, this angle is approximately 8 degrees. Since this is the result of a displacement of around 5cm above the Z-plane, it is difficult to identify what error is the result of gyro noise and what is due to the noise in the ultrasound system. Simulations agree with this assessment, showing gyro drift over the course of a 25-minute test to peak at 7.5cm above the Z plane for a maximum angular error of 12 degrees. This means that for extended inspections, we can expect the inspection path to remain nearly planar.
Another long duration test was conducted on July 11, 2012 on the International Space Station. One SPHERE performed an inspection maneuver of another stationary, but tumbling SPHERE as described above. This showed a clear drift in the inclination angle over time as seen in the X-Z plane of Figure 17 . The continuously increasing drift in inclination indicates a constant bias in the sensor noise or disturbances applied to the rotation about the SPHERES Y axis. 
V. Conclusion
The test was designed to evaluate the ability of the SPHERES satellites to support a candidate inspection algorithm, and do so in a stressing case: close proximity, rapid rotation, and with unexpected target motion. In the two test cases, the satellite was able to meet performance requirements. That is, the satellite maintained a safe inspection distance, was able to maintain planar motion, and was able to return to close its inspection path in a relative frame. Each of these capabilities is necessary to gather imagery to build a map suitable for navigation.
Using a pseudo-open loop rotation approach to force a circumnavigation did introduce some non-planar motion, but that error was small in the case of a non-translating target. When motion was added, performance did suffer, but typically did so at levels below 10 cm, or 15 degrees from the desired plane. Because the approach used the lessaccurate ultrasonic metrology system to mimic vision data, the VERTIGO team can proceed with a high degree of confidence that the inspection algorithm will work when the Goggles hardware reaches the ISS.
Future work includes running this test maneuver for longer than the 3 minutes currently allocated to the test maneuver to evaluate the gyro drift over extended periods of time. The code for the extended test will be submitted for upload to ISS in February. Future work should also include the testing of non-planar paths, which only requires a modification of the duration and direction of the inspector rotation. This approach should allow for true global coverage of a non-spinning object, as the north and south poles of the target object may then be observed at lesser angles. Further, the algorithm should be modified to take advantage of the spin of the target object, allowing the spin to minimize the motion required of the inspector. By allowing the target to spin, it may be possible to find fuel-or time-optimal inspection paths using the same gyroscope-driven rotations.
Ultimately, the work is all in preparation for the launch and on-orbit operations of the VERTIGO Goggles. Figure 18 shows the Goggles (green box) attached to a SPHERE (blue), along with an exploded view of the hardware (right). The final flight hardware version of the VERTIGO Goggles is shown in Figure 19 . Once the hardware and software package arrives on the ISS, the inspection algorithm will be implemented alongside the vision system to determine whether the camera algorithms designed and tested work in the microgravity environment. 
